Lund multiplicity for precision physics
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Main results of this talk
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Main reSUItS Of thiS talk [Medves, ASO, Soyez arXiv:2205.02861]
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Historic evolution of multiplicity definition

Hadronic multiplicity within a jet == first moment of the fragmentation function

[Ciafaloni, Dokshitzer, Marchesini, Mueller, Petronzio, Pokorski, Webber...]

v/ Fundamental to understand the singularity structure of QCD

X Infrared and collinear unsafe (need to introduce IR cutoff)
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Historic evolution of multiplicity definition

Hadronic multiplicity within a jet == first moment of the fragmentation function

[Ciafaloni, Dokshitzer, Marchesini, Mueller, Petronzio, Pokorski, Webber...]

v/ Fundamental to understand the singularity structure of QCD

X Infrared and collinear unsafe (need to introduce IR cutoff)

90-95! Average number of reconstructed (sub)jets with k -like algorithms

[Catani, Dokshitzer, Fiorani, Webber...]

v/ Infrared and collinear safe (with a k, ;)

X Strong impact of hadronisation even for k, .., > Aocp

95-00 Average number of reconstructed (sub)jets with C/A-like algorithms

[Catani, Dokshitzer, Forshaw, Seymour, Webber...]

v/ Reduced sensitivity to non-perturbative dynamics

X Only a"L“"~! terms have been calculated analytically



Motivation #1

No theory progress on this observable since 1992. Renewed interest in archived ete- data
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Can we improve the precision on the a,(M,) extraction?



Motivation #2

Dipole PanLocal PanLocaI PanLocal PanGlobal PanGlobal
(Py8/D|re v1) ([3 Odlp) (,B =.dip.) (,B——ant) ([3 O (B=23)
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Relative deviation from NLL for a.—0

Future generation of parton showers target NNLL accuracy.
Analytic calculations are fundamental for testing @


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.052002

Motivation #3

NLL accuracy tests - pp -2
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No theoretical calculation of jet multiplicity in hadronic collisions

®


https://arxiv.org/abs/2205.02237

An interlude: the Lund jet plane
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An interlude: the Lund jet plane
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A second interlude: logarithmic counting of the multiplicity

The presence of 2 disparate scales induces large L = In(Q/k, .,) that must be resummed

—

N(a,, L) = N(a,,0) [ hy(a,L?) + fa;hy(a,L?) + aghy(a,L?) + ... | + O(e™!H)

- 4

DL DI NNDL
where N*DL accuracy implies control over a’L*** terms

e.g. DL NDL :

NNDL




Lund-based multiplicity

1 Cluster the event with Gambridge algorithm, i.e., using the metric d;; = 2(1 — cos 6,)

2 Traverse backwards the angular ordered sequence

< = =2,

kl‘ — min(El, Ez) SiIl 912

a If k>ke C—y NP=NP4+1 and

b If ke <k T E, > E,



Relation to other multiplicities

Cambridge multiplicity [Dokshitzer, Leder, Moretti, Webber JHEP 08 (1997)]

v/ Counting the total number of clusterings for which & > k; o
s equivalent at NNDL to Lund multiplicity if k, = &-und

v If k, = k5™ = min(E,, E))\/2(1 — cos 0),), trivial extension of the calculation

Two for the price of one



Relation to other multiplicities

Cambridge multiplicity [Dokshitzer, Leder, Moretti, Webber JHEP 08 (1997)]

v/ Counting the total number of clusterings for which & > k; o
s equivalent at NNDL to Lund multiplicity if k, = &-und

v If k, = k5™ = min(E,, E))\/2(1 — cos 0),), trivial extension of the calculation

Two for the price of one

2 | Primary Lund density: corresponds to only counting on the primary branch
X More complicated resummation structure

3 | ke-multiplicities: choice of jet algorithm only matters from NNDL onwards.

X More complicated resummation structure



Lund multiplicity at fixed-order (and DL)

Lets focus on the Lund multiplicity of a single jet either quark or gluon initiated in ete-

@(af) L g (N) =1
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O(a,) : 7 I ~ g

2 2
(N) = JdCID M| |1+ Ok > k)] + JdCD Ay (1]
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Lund multiplicity at fixed-order (and DL)

Lets focus on the Lund multiplicity of a single jet either quark or gluon initiated in ete-

S = Nl
O(a?) C _ _ = Ly
q q q
or rj' 1 1
I N = a; CiCAJ _1J d”hj _ZJ dn,O(k; o1 > Kk, )
q 0 <1 Jo 0 <2 Jy,

After real and virtual cancellations, the only configurations that survive are
those of nested emissions



Lund multiplicity at DL: all orders

The average Lund multiplicity at double logarithmic accuracy is given by

00 00 1 X
C dx; [ dx -t dx,
(N)pp = 14 Z ”J anJ dnz...J dnnJ' —1J —2[ e > e7h)
X1 X> 0 X

A -1 1 Mp—1 0 0 n
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In Q) 77)

Q>FE > Fy> Fy > kt,cut
1> 601 > 05 > 05




Lund multiplicity at NDL: configurations a,L(a,L?)"

The possible configurations that contribute to (N) at next-to-double log are

Running coupling Hard-collinear | arge-angle ky ~ ki et
_ d
aS—>aS—2aSZﬁOK+@(aS3) l—>CF<1 Z ;) ?Zdn
. < Z

with # = In(k/Q) |

pi'pP; d

! dcos @
Di° PxDj * Px <%



Lund multiplicity at NDL: configurations a,L(a,L?)"

The configurations that contribute to (N) at next-to-double log are

Running coupling Hard-collinear

a, — a, — 202 B + O(a?) l—>CF<1_Z+£>
with 2 = In(k,/Q)




Lund multiplicity at NDL: resummation strategy

To reach NDL 1t is enough to have one NDL-like emission in the chain either
primary or secondary, e.g. running coupling

00 00 1
dx, dx dx 2a.C
(N) =1+ ZJ' dﬂ1dﬂ2---dﬂn[ S ( A) ZZaﬂO(lnx + 7;)
n=0 <0

o X1 X2 Xn




Lund multiplicity at NDL: resummation strategy

Instead of performing the sum for every single diagram, we take another approach

N (DPL)

R
KNDL

A (DL) N (PL)

L
NDL) _ DL)/r. DL)/r. DL)/r.
SNNPH = L df{KﬁDL NPL; £) + NOO(L; )| — K NPH(L; f)}



Lund multiplicity at NDL: resummation strategy

Instead of performing the sum for every single diagram, we take another approach

N (DPL)

R
KNDL

N (DL)

L

SNNPL) = J dz,”{ KoL IN2A(L: €) + NEOO(L 6) | — K NPP(L; f)}
0

L

L
+I dflni(DL)(fl)J dfz{KﬁDL INPI(L; ) + NOL; £5)| — K Ny (L fz)}
0 '
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Lund multiplicity at NDL: resummation strategy

Instead of performing the sum for every single diagram, we take another approach

N (DPL)

R
KNDL

N (DL)

e.g. for running coupling

oL
d6,QRafyt) (6, — €)) NP — £5)

ufl




Lund multiplicity at NNDL: a,(a,L?)"

NNDL for Cambridge

Hard ME Collinear Large angle
end-point +k, ~ Ky

1
1
|
|
|
|
|
1
1
‘...
~§
-

Close-by pair




Lund multiplicity at NNDL: (e,L)(a,L)(a,L*)"

collinear

| arge angle + Hard coll. +
k.~ k commensurate 4

t,cut

2 large
angle



Lund multiplicity at NNDL: running coupling




Final results
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Lund multiplicity in hadronic collisions at NDL

Extension to hadronic collisions requires PDFs and initial state radiation

NNPL = NNDL 4 5

ete—

e.qg. Drell-Yan:

N

f,(x, 0% f,(x, 0%)
f(x, e~ Q%) £ (%, ©%) £ (0, 0%)

Systematic and flexible framework: pp as a proof of concept
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